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ON SOLAR TYPE PROTOSTARS

Karl-Heinz A. Winkler
Lawrence Liverrnore kib, Los Alamos Scientific bb, ad
Max-Planck-Ins titut fur Physik urd Astrophysik

Michael J. Newmsn
Los Alamos Scientific Laboratory

The forma~ion of a 1 MO protostar in spherical symmetry has beeu
followed in time dependent hydrodynamics with a detaild description

of the equation of state arria careful treatment of radiative
transport. The comparison of the dynamic evolution with observation
is made in terms of the Hertzprung-Russell diagram. It is fourd that
the evol’”,tionfollowing from Larson’s initial condition produces
quantitatively and qualitatively better agreement than that following
from the initial corxiition of Hayashi, including tne first appearance
of the object as an infrared source. Of particular importance for a
correct physical urderstarding of the formation process is an
adequate description of the accretion shock. Pressure ionization and
electron degeneracy effects are of increasing importance for the
Internal structure of lower mass objects.

In recent years the computational difficulties which led Hayashi
ad his coworkers to adopt rather unnatural starting conditions for
their curly stulies of star formation Iluve been largely overcome, ad
it has become possible, at least in spherlcnl symmetry, to follow in
some detail tl~ehydrodynamic coll,lpse aml accretion of an initially
tenuous Interstellar clod from the onset of the first Jeans

gravitatlonul collupse all the way to thiestellar state. The
dlffercnc~s in early pre-main seqil~~n(.(}evol~ltl[)nresulting from the
latter type of inltlnl condition, first investigated in detail by
Lurson, hUVC bCCII diSCUSSCd by N~wmiln :Ird tdl~kler (19HO). In the
present I)ul]cr we discuss briefly tl~ecsscntl;ll microscopic physics
neccss:lry for ;ls(lccessful caLr{llutiun of stnr f(]rmntiun hc~lnnillg

from brsonts lnltl;llcc)ldltlon, tlw r~!solutlul~wl]lch must he
~~ffordcd the stellar ;ltmosl)l~(!reumi tl~~~stron~ ;l~’cretlonshock to
obtnin u ph}”~lc;lllycorre(”t dcsuliptlon of tl~euvul(ltion, ad prbseut
~1comp:lrlson of ubservnfilons of young sti~rs with tl~ecvoluttonury
L~ilC!LS pt-d LcLL! by LIW OIw-dlIn C.IIslUIIU L I)yd rdynnlrlc cdlcul~tion~.
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Fig. 1. - Thermodynamic

processes . The Saha and

Pressure Ionization boud-
aries , the Coulomb effect
boundary, and the degen-
eracy buundary for a free
electron gas are shown ,
with the tracks of the

Z;;;e;;ft;elo;?-lZ;;Z;
temperature maximum.

log p , g cm-~

formation process has been discussed by Winkler ad Newman (1980b).

In Fig. 1 we see the track in the density-temperature diagram of the
center of a protostar of 1 Ma, ard of the off-center temperature
maximum which develops urder the ccmbirted influence of pressure
ionization ami electron degeneracy. The density of ttlecollapsing

int.erstell.arclod increases considerably faster than its
temperature, ad Coulomb corrections to the equation of state becume
impor:ant before the material is ion;.zcd by temperature effects.
Prior to ionization, conditions of density arrl temperature are
renched at which free electrons would become degenerate, ad the
central regions of the cor~ become slightly electron degenerate as
the material 1S pressure ionized. The material near the off-center
temperature maximum leaves the degenerate zone ad crosses the Saha

boundary to be ionized by ternperdture effects. It has reached the
radial track of the present sun by the time the calculation is
terminated with 99% of the m:lss assembled in ~he cure. The central
region Iflust.undergo further contraction ad heating heforc nchievin~

conditions char:lcteristic of a mature main sequence star.

Some utccnti.on to microtrcoplc det:lll is OISO rcqulrcd fur un
wlcflulcedescription of the envelope structure. [n the mcthcxi uf

Tscl~~lrnutcr~LtiWinklcr (1979) tl~emoments ut tl)eradlatton Eleld :lre
(Ieterml[lmlfrom the tl,me+cpcrdent trun~port cquntloll of C/lstor
(1972) with v~r~i~ble Eddin~ton fuctur f. Winklcr ,Id NcwmmI (19HOb)
lnclulcd u dutalld prescription for gas :~itidust up’lcltles, ;Imi
LOIJI~ Llle behavior shown Ln U’Lg.~. The luminosity during tllcmuln

il~~cet~(.)rl phase I.s prcducml I.ntlw very nurrow shu(’k [rent [Il)d

rcmalns uunrly con~tunt tl~ruughout tl~ccrlvclupl’. In regions Uf
I}lghop:~clty tileradLotL{)n is ct[ct-tLvl!lynbs~)rbml nld rc-emLL’ted,
tileuptic:ll(Icptll1s Illgll,LiluridLiltl.{)1~C~ehI 1.suu:lrly Isotropic.)
nml LIW,lkltlLl~gtun [;lt.’tl)rI.sll~~:lr1/’)0 Ululllrtllo~~)(.’or,dlLlo!ls” EIIP

(i L1’L\IHLOII ill)l)[oxLln:ittol~,” wII1(’11 11:1:: IXIOII IISLd c.xLI$IIHl.v(~ly III I)rcvit)(i:i



Fig. 2. - EdJington factor f
vs. radius. The ratio f=K/J
of the radiation pressure to

energy density of the radiation
field is shown when 10, 20, 30,
4(3, ~r),~u, 70, 80, 90, and 99

percent of the mterial has been
assembled in the stellar core.

Ioq r , cm

star formation calculations, is net a bad description of the flnw.
However, in the low-opacity region just ~utside the shock, ad
throughout the envelope in late stages oi the a’:crction as the
envelope is depleted of material, the efficiency of absorption is
low, the radl.ation field bet.omes increasingly a~.isotropic as it is
peaked in the forward d~rection away from the sho’:k front, ad the
Eddington factor approaches unity. ‘1’hepr~sence of emtjedded regions
of locally low opacicy during the initial high+ensity-envelope pl~ase
makes constant f=l/3 a poor approximation,, ad constant f-l is a
reasonable description or,ly for late times in the envelope. [t is
clear that the diffusicn approximation with Edding~on factor constant
in time urd space cannot off~r :] real~stic treatment of envelope
structure for protostar calcula( ions.



E~/P. Alscb shown is the profile of the luminosity which is
prcduced primarily in the inner portion of the shock. In panel (d)
we see the gas temperature (crosses) ard radiation temperature
(squares), ard note that they are out of equilibrium in the accretion
shock as well as in the optically thin, essentially adiabatic
preheating compression zone in front of the shock. The luminosity
produced in the preheating zone is negligible compared to that
prcduced in the temperature overshoot relaxation zone, in goal
agreement with the assumptions of Larson, as discussed by Winkler and
Newman (1980a).

t

,\
!<

l(!<] , ,lm)

Vel, ,!!l, ., 1/ ,1,,,

1,) \r,

1,,,1 r !71

.–
—

n

,4
L

r]
—

t

, ,1

,)

c. .“.

.
,.
:..
. .

.’ ..
~.:’,s. ,. . . , . , . . , .:

1

i

1,
.

,,.,,, .,,,,,,. ,\ #),,,,

-,
:
.

.

... ,

l.-‘\
,1 1,

1!!)1,,!,

Fig. 3. - Shock front structure late in the main accretion stage.
a) Density va. radius. b) velocity vs. radius. c) Definition of

the core radiua. The slope ldlnp/cilnrl of the atmospheric den9LtY
drop (triangles, left SCale), the rate of viscous energy generation

c /p (crosses,
9

right scale) , and the luminosity profile (solid curve,
a bitrary ucale) are shown as a function of radiu~. d) Temper~ture

VB. radiua . The gati (crosses) and radiation (squares) temperatures

are Dresented (left 9cale). The luminosity profile from panel c).
ia replotted logarithmically (right scale).



In Figure 4 the clusters of young stars in Taurus-Auriga, Orion,

NGC 2264, ad NGC 7000/IC 5070 from Cohen arxlKuhi (1979) are
superimposed in a composite Hertzsprung-Russell diagram. Also shown

are the Zero-Age Main Sequence, the 1 MO Hayashi track, arrl the
evolutionary path of Wi.nkler ad Newman (1980a). In the latter

calculation the effeccive temperature stidenly increases ad the
protostar moves abruptiy to the left in the diagram when 96% of the
material has been accreted by the core arrl the material outside the

shock front becomes optically thin to radiation. Prior to this point

in the evolution the object essentially appears as an infrared
source. Curv,?s of this shape can account for the objects occupying
the upper Lefthand corner of the diagram as stars only slightly more
massive than the sun, while fully convective stars of such high

effective temperature ad luminosity must be quite massive ad
therefore fairly rare. Dynamic evolur.ion parrallel to the main
sequence would occur at somewhat larger radius if convective energy
transport ard the scouring out of light thermonuclear fuels were
includd in the calculation, in goal agreement with the diagonal

clustering of the obser ~ed young stars.

Fig. 4. - Comparison with observation.
The positi.n in the Hertzsprung-Russell
diagram of young stars from Cohen and
Kuhi are shown, with the Zero-Age Main
Sequence, the 1 M@ Haya9hi track, and
the dynamic track of a solar-type proto-

star.


